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ABSTRACT  The hydraulic conductivity, L~, was determined in single axons 
of the crayfish,  Procambarus darkii,  by injecting  a  hypertonic sample  between 
two drops of silicone  oil and photographing  the volume increase of the sample. 
The method has the advantage of minimizing errors due to hydrostatic pressure 
differences across the membrane.  In resting axons an L~ of 0.236  X  10  -s cm/ 
sec per cm H~O was found and similar values were obtained with low external 
calcium  concentration  and  when  the  nerve  was  continuously  stimulated  at 
20-30  impulses/see.  Thus  the  experiments  have  failed  to  demonstrate  any 
change of water permeability in cases in which the ionic conductance is known 
to change.  Some possible implications of this are discussed. 
INTRODUCTION 
During  the last  20 years a  large  mass of evidence has  been accumulated  to 
support the Hodgkin-Huxley hypothesis of nerve excitation.  The majority of 
these  reports  deal  exclusively with  the  ionic  currents  that  can  be observed 
during the action potential and the possible role of water in this event has, in 
contrast,  largely  been  neglected.  The  results  that  exist  are  somewhat  con- 
flicting.  A  few investigations mainly by Kayushin  and  Lyudkovskaya (1954, 
1955)  have demonstrated  changes of stiffness and diameter in nerve with the 
passage  of  action  potentials  which  could  be  interpreted  as  indications  of 
volume changes.  Hill  (1950) measured  a  long-term volume increase in squid 
axons  after  massive  stimulation  which  according  to  Caldwell  and  Keynes 
(1960)  cannot  completely  be  accounted  for  by  the  ion  flow.  In  Teorell's 
electrohydraulic nerve model (Teorell,  1959,  1962) water flow plays a central 
role  in  the production  of action  potentials.  In  contrast  Cohen  et  al.  (1968) 
have not been able to confirm the results of Kayushin and Lyudkovskaya and 
although  Sandlin  et  al.  (1968)  found  volume  changes  with  excitation  in 
Nitella they were unable to find any in lobster or frog nerves. 
One possible way through  which water flow could be affected during the 
action potential would be ff a  permeability change to water occurred during 
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excitation. Although the water permeability of resting nerve has been deter- 
mined  earlier  (Nevis,  1958;  ViUegas  and  Villegas,  1960;  Vargas,  1968)  no 
comparison  with  the  active  nerve  has  been  made.  This  paper  describes  a 
method for water permeability determination in single axons using osmotic 
gradients and the results from resting and active nerve are presented. 
MATERIAL  AND  METHODS 
The  medial  giant  axon  from  the  ventral  nerve  cord  of the  crayfish,  Procambarus 
clarkii, was used throughout. 
Dissection, isolation, and mounting of the medial giant axon have been described 
earlier (WaUin, 1967 a). 
Electrodes  (a)  Resting and action potentials were recorded with an L-shaped 
cannulating glass microelectrode with a tip of 1/~ or less, fiUed with 3 M NHgNO8 + 
I0 mM NH~C1 and with an impedance of 10-40  Mohms.  (b)  For intraceUular injec- 
tion of current pulses when measuring the length constant a  glass pipette with a  tip 
of roughly 10/~ filled with 230  m_~ K  propionate was used.  (c)  In general each of 
these types of electrodes was glued together with an oil-filled glass pipette. The oils 
used were either paraffin oil with a  viscosity of 246  es or 2 cs silicone oil  (Midland 
Silicone Ltd, Reading,  England). The oil pipette was used either for injection of a 
sample of hypertonic solution and/or for taking out samples of axoplasm. The manu- 
facture of such double  pipettes  and  the  technique used when  taking intracellular 
samples have been described in detail (WaUin, 1967 a).  (d) External stimulating elec- 
trodes consisted of two Ag-AgC1 wires connected to a stimulator. 
Solutions  The normal external crayfish solution had the following composition 
(in raM) : NaCI 205,  KC1 5.4,  CaC12 13.5,  MgC12 2.6, NaHCO8 2.3, pH was adjusted 
to 7.5. Osmolarity was 440 milliosmols/liter as measured by freezing point depression. 
The hypertonie solutions used for intracellular injection contained K  propionate 
around 250 m_M -~ Na propionate 5 in~ and were made hypertonic by the addition 
of mannitol. Low Ca  ++ solutions were prepared  by the exchange of Ca  ++ for Na  + 
always keeping the osmolarity constant. 
Analyses  IntraceUular  concentrations  of sodium  and  potassium  were  deter- 
mined with an integrating flame photometer and the intraceUular chloride concentra- 
tion by electrometric titration in mieroscale, as described by WaUin (1967  a). 
Experimental Procedure 
9Ea~SR~Aa~ON  OF  WATER I'ER~mA~ILIa'X" When the giant axon had been iso- 
lated between ganglia 2-5  (counting distal from the head) it was cannulated with a 
double pipette through a  hole that was cut between ganglia 5  and 6.  The double 
pipette  consisted  of a  potential-recording  electrode  and  an injection pipette  filled 
with 2 cs silicone oil. In the injection pipette a sample of hypertonic solution was en- 
closed by oil on both sides. The double pipette was slowly moved to the experimental 
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the experiment was started by slow injection of two drops of silicone oil.  (Fig.  1  a). 
The two drops were placed as close to each other as possible and as a  rule the drop 
nearest the entrance hole was a  little smaller than the other one.  The length of the 
smallest drop varied between 186 and 433 # which corresponded to 1.2--4.6 times the 
diameter of the axon. Usually the length of the drop was twice the diameter or more. 
No correlation  between  size of oil drop  and  the Lp values could be  detected.  The 
dissection microscope had a  camera mounted on a separate tube and when the axon 
with the oil drops inside had been photographed, the hypertonic sample was rapidly 
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Flou~ I.  Schematic  picture  of the  experimental  method for Lp determinations.  In 
(a) two drops of 2 cs silicone oil have been injected into the axon. In (b) the hypertonic 
sample  has just been injected  and the double pipette  retracted  outside  the drops.  (c) 
This illustrates the inward  flow of water resulting in a volume increase that moves the 
right bubble outwards.  In (d) a new steady state is reached and the movement of the oil 
drop has ended. 
injected  between  the  oil  drops.  The double pipette was then retracted  towards the 
entrance  hole  (Fig.  1 b).  As water  entered  into the hypertonic sample the sample 
volume increased and the oil drop closest to the opening in the axon was displaced 
laterally and the distance between the drops increased  (Fig.  1 c).  Immediately after 
the  pipette  had  been  withdrawn  a  "zero  time"  photograph was  taken  and  then 
photographs were  taken repeatedly during 8-10 min.  After this  time no further in- 
crease in volume occurred (Fig.  1 d). During the course of an experiment small move- 
ments of the double pipette were made to make sure that the pipette shanks did not 
obstruct the opening in the axon.  Sometimes both drops moved somewhat towards 
the opening in the axon. During the experiments the action potential was checked at 
intervals.  The stimulating wires were at the left end of the axon and  the recording B. GUNNAR  WALLIN  Wgto- Permeabiliq in Crayfish Axon  465 
pipette  in  the  right  part so the  action  potential  had  to  pass both  oil  drops.  In all 
experiments the action potential remained during the whole experiment. 
At the end of some experiments the double pipette was moved in between the oil 
drops and a  sample of intracellular solution was taken and enclosed by oil in the in- 
jection pipette as described by Wallin  (1967 a). 
In order to calculate L~ from the results, the increase of volume of the hypertonic 
sample was determined from the photographs. When the axon diameter was uniform 
this was readily done  by measuring the distance  between the  oil drops.  If the  axon 
diameter  varied  this  had  to  be  taken  into  account  and  a  "corrected  length"  was 
Stimuteting  pipette  Recording  pipette 
(K-Pr0Pionate  230 rnM)  (3M  NH4NO3÷ |OrnM NH4C[) 
c.)  I_n_  ! 
Oil injection  pipette  Silicone  oil  2cs 
(b) 
(¢) 
FIG~P.E 2.  Schematic picture  of the  setup  for measurement of length  constants.  (a) 
Through the stimulating pipette on the left side a depolarizing current pulse is injected 
and the resulting membrane potential deflection is measured with the recording pipette 
on the right side of the oil drop. In (b) and (c) more oil has been injected and the mem- 
brane potential deflection to the same current pulse is measured. Note that all pipettes 
are very close to the oil drop when a measurement is taken. 
calculated. As the volume change was of an exponential form (see Theory) the result 
was  plotted  on  a  semilogarithmic  scale  and  L~  determined  from  the  slope  of the 
line. 
Determination of water permeability during activity was made in an identical way 
except that the axon was continuously stimulated, at a  rate of 20 or 30 impulses/see. 
The stimulating electrodes were placed so that the action potential had to pass both 
oil drops to reach the potential-recording electrode. The stimulation was started before 
injecting the hypertonic solution and  continued  during  the whole experiment.  Two 
experiments are included in which the spike failed 4 and 7 rain, respectively, after the 
injection of the hypertonic sample. 
DETERMINATION OF  LENGTH CONSTANTS  TO check how well the oil drop sealed 
the lumen of the axon the length constant was measured without and with oil in the 466  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  54  "  1969 
axon and the measurements compared. In these experiments the axon was cannulated 
with glass pipettes from both ends. In the left end of the axon a  double pipette con- 
sisting of an oil injection pipette and a stimulating pipette (see electrodes) was inserted 
and moved to the recording position between ganglia 3  and 4. The tips of the two 
pipettes were equally long and thus ended at the same point in the axon. From the 
right side of the  axon  a  single potential-recording pipette was  inserted,  the  tip  of 
which was positioned exacdy at the level where the tip of the double pipette ended. 
A  square  current pulse was injected with the stimulating pipette and the resulting 
membrane  potential  deflection was  recorded  with  the  potential-recording  pipette 
and photographed from the oscilloscope screen. The potential-recording pipette was 
then retracted stepwise and the membrane potential deflection to the same current 
pulse was recorded at each step. After plotting potential deflection vs. distance from 
the tip of the current injection pipette the length constant was determined from the 
graph in the usual way. The procedure was then repeated after oil had been injected 
into the lumen of the axon (Fig. 2).  Care was taken that the tips of all pipettes were 
just at the edges of the oil drop when taking the measurement. 
ELECTRON MICROSCOPY  Electron micrographs were made from axons contain- 
ing an injected oil drop. An axon was isolated in the usual fashion and cannulated 
with a double pipette consisting of a potential-recording pipette and an oil  injection 
pipette filled with paraffin oil. If resting and action potentials were satisfactory a long 
oil drop was injected. The axon was then fixed for 90 min in  1 °70 OsOa, dehydrated 
in increasing concentrations of ethanol, and finally embedded in Epon (Luft, 1961). 
During the last stage of dehydration the oil drop was dissolved in the alcohol but as 
fixation already was completed this proved to be unimportant. Sections were made on 
an Ultrotom ultramicrotome (LKB Instruments, Stockholm, Sweden) and examined 
in a RCA EMU 3B electron microscope. 
THEORY 
In order to evaluate the results the hydrodynamic coefficient, L~, was deter- 
mined using the following simplified model  (Fig.  3). 
Assumptions  (a) No hydrostatic pressure differences exist across the axon 
membrane.  (b)  No  hydrostatic pressure  differences exist across the oil drop. 
(c)  The space between oil drop  and  axon membrane is small enough  (or oil 
drop long enough)  to make diffusional loss in that way negligible. 
Symbols 
V  volume between oil drops 
J  net  flow  of water  across  the  axon 
membrane 
I  volume  increase  of  the  hypertonic 
sample due to addition of the vol- 
ume  between  oil  drop  and  mem- 
brane. 
~/  area  of  cross-sectional  "ring"  be- 
tween  oil  drop  and  axon  wall. 
From the symbols in the figure one 
has then "r  =  /3 --  a. 
C~  concentration  of mannitol  in  the 
hypertonic sample. 
C~  equivalent concentration of all ions 
in the hypertonic sample. 
6'0  equivalent concentration of all ions 
in the external solution. B. GUNNAR  WALl.IN  Water Permeability in Crayfish Axon  467 
It immediately follows that 
dV  j  +  i.  1  dl  dl 
d--y =  .yt=  J  +',,,.yt  =  ~-d  (1) 
dV  J 
-  -  kl.J 
,¢t  l_~_  (2) 
Assuming the reflection coefficient of mannitol and the "effective" reflection 
coefficient of the ions in the intracellular  sample to be one and  assuming the 
ion flux occurring with the water across the axon membrane to be negligible, 
one has 
J  =  -- LpAR TdpAC  (3) 
where L~ is the hydrodynamic coefficient of the membrane, A is the diffusional 
area,  and  AC is the concentration  difference of solute across the membrane. 
is the osmotic coefficient of the solute. 
Area=  ,,~  Area=  oC 
BB  v  ) 
\ 
C  o 
Fmm~ 3.  Model used for calculation of L~. Only the right oll drop is shown with an 
injected hypertonic sample to the left. Axon and oil drop are assumed to by cylinders. 
Direction of movement for off is shown by unfilled arrow. 
CzXC in this case corresponds to 
~AC =  ¢~,C~, +  2(~,C,  --  ~boCo) 
which with equation  (3) gives 
J  =  --L~,.RTA(dpuCu  --}- 2(~b,C~ --  dpoCo))  (4) 
figure one obtains the  diffusional  area A  =  2V ~/~  Also  C,  From  the 
N,  N~ 
-if- and  C,  =  --~  where N  is  the number  of moles,  and  with  equations  (2) 468  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  54  "  I969 
and (4) one gets 
However, 
--  =  --  ~  (qS~Nu+  2c~'N'--  V)  ddtV  LpklR T4  re. q~oCo \  -2dp-~o  (5) 
q~uNM "~ 2¢~Ni  (~7~0 +  2~Cio)  V0 
2d~oCo  2dpoCo  =  RoBmVo 
where Cuo,  C~0,  and  V0 are Cu,  C~ and  V at t  =  0  and Ro, m is the  ratio  of 
the osmolarities of the hypertonic sample and the external solution. Also, let 
f- 
k2  =  kl. R T. 4  j// ~  (~oCo . With these simplifications equation (5) is integrated 
to give 
In (RoBm'Vo --  V)  =  --k~.L~,.t  q- ks  (6) 
A  plot of ln(Ro, m. V0  -  V) vs. time will then give the value of k~Lp. 
RESULTS 
Experimental  Controls 
(a)  An important  assumption  when deriving equation  (6)  was  that  no  ion 
flux occurred with the water flow. To check this a  series of experiments were 
run in which the ion composition of the solution between the oil drops was 
measured at the end of an L~ determination. The results are shown in Table I. 
The  important  information  in  the  table  is  in  column  3.  The  fact  that  the 
ION 
TAB LE  I 
CONCENTRATIONS  IN  THE  INJECTED  SAMPLE 
AT THE  END  OF  THE Lp DETEKMINATION 
Na i  K  i  Cli  RoQm 
ram  mM  mM 
12.4  195  9.4  2.27 
11.7  186  6.8  2.27 
18.0  173  12.9  2.09 
25.6  186  8.2  2.09 
36.3  176  10.1  2.09 
16.7"  189  8.7  1.69 
28.1"  186  7.0  1.69 
Rosin is the ratio of the initial osmolarity of the injected hypertonic sample to 
the osmolarity of the normal external solution. 
* Signifies that the results are from a  stimulation experiment. Original ion 
concentrations in the sample were Na 4.0 raM, K  260  m~. B. GUNNAR WALLIN  Water Permeability in Cra)fish Axon  469 
chloride concentration of the sample remained low  after the L~ determina- 
tion means that very little transmembrane transport of chloride had occurred. 
Chloride is the only extracellular anion except for a small amount of bicarbo- 
nate and control experiments in which the sodium bicarbonate was exchanged 
for tris  (hydroxy) aminomethane gave similar results.  As little chloride was 
my 
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g  2  c 
~9 
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0 
j~o~=  =o.4  mm 
~ 
,~ax =1.2  mm 
l\. 
0  1  2  3  4  mm 
Distance  from  tip  of  current  pipette 
Fmvm~ 4.  Graph of membrane 
potential  deflection  vs. distance 
from  current  pipette in a  deter- 
mination  of  length  constants. 
Filled  circles  are  measurements 
on  the  axon  without  oil  and 
filled triangles on the same axon 
with  injected  oil.  The  length 
constants, X,x and )~oil,  are  de- 
termined  as  the  distance  at 
which  the  potential  deflection 
is 0.37  of the deflection  at zero 
distance. 
TABLE  II 
COMPARISON  OF  LENGTH  CONSTANTS  OF  AXONS 
WITHOUT  (Xax)  AND  WITH  INJECTED  OIL  DROP  ()toil) 
~ax  ~oil  Oil drop  diameter 
mm  mm  ~  of axon  diameter 
1.5  0.5  94.4 
1.3  0.45  93.7 
1.6  0.45  96.0 
1.3  0.4  95.1 
1.2  0.4  94.4 
I .6  0.75  88.3 
2.3  O.7  95.4 
Mean  93.8 
The oil  drop  diameter is calculated  from the ratio of the length constants as 
outlined  in  the text. 
transported it follows for electroneutrality reasons also that very few cations 
were  transported  across  the  nerve  membrane during  the  Lp determination 
and thus the assumption is largely fulfilled. 
In  fact  the  transmembrane chloride transport was probably even smaller 
than that shown in the table.  When the pipette was pushed  through one of 
the oil drops to take the sample for ion analyses, axoplasm from the side no 47  °  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  54  •  ~969 
Fmuv.E 5.  Electron  micrograph  of axon  injected with paraffin oil.  The  Schwann cell 
and connective tissue layer are seen in the left part of the picture and  inside the nerve 
membrane  (arrow)  a  layer of axoplasm  (A)  is left containing several mitochondria and 
other structures. The border line against the oil phase (©) is quite distinct. The  horizon- 
tal bar in the lower right corner is  1 /z long. B. GVNNAR WALLIN  Water Permeability in Crayfish Axon  471 
doubt  leaked  in  with  the  pipette  contaminating  the  sample.  As  the  normal 
axoplasm  contains  about  13  mM  chloride  (Wallin,  1967  a)  this  "leaked" 
chloride will be included in the figures in the table. 
(b)  Another  important  experimental  control  was  to  determine  how  well 
the oil drops sealed  the lumen  of the axon during the actual  experiment.  To 
this  end  length  constants  were  measured  without  and  with  oil  in  the  same  (-- 
Tm 
axon.  The length constant, X,  is  defined as X m:  77~  where rm  is  the  mem- 
brane  resistance  and  r~  the  internal  longitudinal  resistance  of  the  axon. 
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FIOURE 6.  Graph of the volume of an injected  hypertonic sample  vs.  time in resting 
nerve. The volume is expressed as distance  between oil drops  (axon diameter constant). 
The injection of the hypertonic sample is made at the arrow in the left part of the curve. 
Assuming  that rm does not change when  the oil drop is injected, one has 
Xo  / 
_  ,iri ~ 
hun  "%/~.i  oil 
where indices ax and oil mean  axon without and  with oil, respectively. As ri 
is inversely proportional to the conducting cross-sectional area the ratio of the 
two length constants  will  give the diameter of the oil drop in  relation  to  the 
axon diameter.  Fig.  4  shows  an  example of the  experimental results  and  the 
collected data are given in Table II. 
It is obvious that the seal is far from perfect and in a  150 # diameter axon a 
space of 4-5 #  will be left around the oil drop. This result agrees well with the 
microscopic  picture  of an  axon  containing  an  oil  drop,  as  shown  in  Fig.  5. 
The electron micrograph reveals many mitochondria  and other structures  in 
the thin rim of axoplasm suggesting that this part of the axoplasm is not fluid 
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Nevertheless as  the rim of axoplasm represents  a  volume which simply is 
added  to  the  hypertonic  sample  when  the  oil  bubble  moves,  it  has  to  be 
accounted for in the calculations. In the theory section this volume is desig- 
nated I. 
Determination of Lp in Resting Nerve 
An example of the results from an experiment on a  resting axon is shown in 
Fig. 6, which is a  plot of length of the hypertonic sample vs.  time. The injec- 
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FIGURE 7.  Semilogarithmic plot  of volume change  of injected  hypertonic  sample  vs. 
time according to equation (6). Ro~ is the ratio  of the  osmolarity of the  sample  to  the 
osmolarity of the external solution.  V0 is the volume  of the  injected  sample  at  time 0 
Ro  ....  =  2.09. Same experiment as in Fig. 6. 
tion of hypertonic solution was completed at the arrow in the left part of the 
figure and the resulting volume increase (expressed as length increase) follows 
a smooth curve. In Fig. 7 the same experiment is plotted on a semilogarithmic 
scale  according to equation  (6)  and  in most cases  the curves had  a  similar 
appearance.  Sometimes, however,  both in resting and in stimulated nerve a 
more or less pronounced break of slope was observed in the semilogarithmic 
plot at around 20 sec. This is illustrated by Fig. 8, which is from a stimulation 
experiment. The reason for the break of slopes is not clear but a few possibilities 
can be mentioned. If, for example, the injection of the hypertonic sample were 
made too forcefully a positive hydrostatic pressure could develop between the 
oil bubbles. Such a pressure would tend to dissipate fairly rapidly but while it B. GtNNAR W^LLm  Water Permeability in Crayfish Axon  473 
remained it would be an extra driving force on the moving oil drop, increasing 
its  initial  speed.  Also,  if with  time  a  loss of mannitol  did occur through  the 
leak between oil drop and membrane,  the final volume increase would be less 
than  the  theoretically  expected  and  the semilogarithmic  plot would deviate 
from linearity. 
The collected results from the L~ determinations  are shown in Table  III. 
In the table are included those experiments in which a definite break between 
two slopes was seen (as in Fig. 8) and then the slope after the break has been 
utilized for calculation of L~. These experiments are marked with an asterisk 
in the table. However, if the break was less pronounced with a  graded devia- 
tion from linearity the experiments were discarded. 
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Fmu~  8.  Semilogarithmic plot 
of change of sample volume vs. 
time  in  stimulated  nerve  ac- 
cording to equation (6). Rosin = 
1.69.¢.Note  the break of  slopes 
at  around  20 see.  Lp was cal- 
culated using the slope after the 
break.  For further explanation 
see text. 
Determination of Lp in Active Nerve 
These experiments  were done  and  analyzed  in an identical  way except that 
the axon was continuously stimulated  at 20 or 30 impulses/see.  The crayfish 
axon fatigues rather  rapidly if the stimulation  frequency is too high  and  20- 
30/see was chosen because it was a  rate that most axons tolerated for several 
minutes.  This  type  of experiment  will,  of course,  not  give  the  true  water 
permeability  during  the  excitatory  process  but  if  a  pronounced  change 
occurred during excitation it would still be reflected in the present measure- 
ments.  The resulting  curves of volume increase  vs.  time were similar  to  the 
ones shown in Figs.  6-8. Table III contains the collected data and  it is clear 
from the table that no significant difference in Lp from the unstimulated axons 
can be found. Also if the axon initially was stimulated during an experiment 
and then the stimulation  abruptly terminated,  no break could be detected in 
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Low Ca Experiments 
It is well-known  that a  lowered  external  calcium concentration  results  in  an 
increased  ion permeability  of the  nerve  membrane  with  the  membrane  be- 
coming  "leaky."  In  an  analogous  way  one  might  expect  the  membrane  to 
become  leaky  also  to  water  and  therefore  Lp determinations  were  made  on 
TABLE  III 
COMPARISON  OF  Lp  DETERMINED  IN  RESTING  AND 
CONTINUOUSLY  STIMULATED  CRAYFISH  AXONS 
Resting axom  Stimulated axom 
Stimulation 
L:o >( 10  -s  Rosin  Lp X 10  s  Rosin  frequency 
cm/sec per cm H20  cm/sec per ¢m H20  stim/sec 
0. 128  2.27  0. 164  2.0  30 
0. 143  2.27  0.140  2.0  30 
0. 198  2.27  0. 184"  1.69  20 
0.186  2.09  0.352  1.57  20 
0. 107  2.09  0.370  1.57  20 
0.465  2.00  0. 126"  1.57  20 
0.177  2.00  0. 234*  1.57  20 
0.362  2.00  0. 198  1.57  20 
0.452  1.57 
0. 138"  1.57 
0.236 4-0.043  0.221 4-0.033 
(Mean-4-sE)  (Mean-4-sE) 
Rosm is the ratio of the injected hypertonic sample to  the  osmolarity of the 
normal external solution. 
* Signifies that the semilogarithmic plot of volume vs. time (equation 6) had 
a  definite  break between  two slopes at  around 20 sec. 
TABLE  IV 
Le  DETERMINED  IN  RESTING  AXONS  WITH 
EXTERNAL  Ca  ++  CONCENTRATION  2.5  mM 
Lp X 10  -s  Rosm 
cm/sec per cm H20 
0.238  2.O 
0.157  2.0 
O.285  2.0 
0.238  1.57 
0.322  1.57 
0.294  1.57 
0.2564-0.024 
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resting axons with an external calcium concentration of 2.5 mM instead of the 
normal  13.5 raM. The results  are shown in Table  IV and  the resulting  L~ is 
not significantly different from the normal. 
DISCUSSION 
Methodological  Aspects  In order to discuss the implications of the results 
the  reliability  of the  method  has  to  be  assessed.  Often  when  determining 
water permeability using osmotic gradients a whole cell is submitted to swelling 
or shrinking  and the rate of volume change is then measured.  However, dur- 
ing  this  kind  of volume change  the  hydrostatic  pressure  inside  the  cell  also 
changes,  usually  in  an  unknown  way,  and  the  calculation  of Lp  becomes 
difficult. This is well-known for plant cells (see Dainty,  1963) but as the inter- 
nal  hydrostatic  pressure  also  does  increase  in  animal  cells  during  swelling 
(WaUin,  1967 b) the same problem exists there too. It may be argued that the 
hydrostatic pressure inside animal  cells probably will not become very large 
in comparison with the osmotic force. However, Vargas  (1968)  has shown in 
squid  axons  that  Lp determined  using  an  hydrostatic  pressure  difference  is 
approximately  100  times  larger  than  the  value  obtained  using  an  osmotic 
pressure  difference.  This  is  a  remarkable  result  the  explanation  of which  is 
not known.  Vargas suggests that a  possible explanation  is the occurrence of a 
few large  "pores"  in  the membrane  where a  considerable flow of water can 
occur.  If this  is  the  case it means  that  even  a  small  increase  of hydrostatic 
pressure  can  cause  an  appreciable  outward  flow of water,  the  final  conse- 
quence of which will be too low an L~ value. The method presented here has 
the advantage that, in theory, any hydrostatic pressure change is dissipated by 
a  volume  flow through  the  pipette  entrance  hole  and  thus  the  hydrostatic 
pressure can be neglected.  In practice,  some frictional  resistance  between oil 
drop and axon wall is present but the error arising from this is probably fairly 
small. 
For  the simple  mathematical  theory to  be applicable  it is important  that 
any flow of solute be negligible.  The permeability of the crayfish axon mem- 
brane  to  mannitol  has  not  been  experimentally  determined  but  is  assumed 
here  to  be zero.  However,  Villegas  et  al.  (1966)  have  shown  on  the  squid, 
Doryteuthis  plei,  that  both  mannitol  and  sucrose  slowly  penetrate  the  axon 
membrane  and  if this  is  applicable  to  crayfish  axons  it  will  cause  a  minor 
error.  As the water permeability is at least  108--10  ~ times higher  than  that of 
mannitol  (according  to  Villegas  et  al.)  it seems unlikely  that  such  an  error 
would  significantly  affect  the  present  results.  In  the  case  of ions  Table  I 
shows only a  small  entry of chloride ions and  the only other external  anion, 
bicarbonate,  could  be exchanged  for  an  impermeant  ion  without  affecting 
the results. When no anion was transported  no net transport of cations could 
have taken place and the conclusion is then that on the whole all ions behaved 
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The  measurements of length constants  and  the microscopic picture  both 
show very definitely that  a  leak between oil drop  and  axon wall does exist 
and this is, of course, a source of error. A small correction has been introduced 
for this factor in  the calculations.  However,  if a  bulk flow of solution were 
possible  in  the leak a  small  and otherwise insignificant hydrostatic pressure 
difference across the oil drop would cause a definite loss of solvent and solute 
making the error difficult to assess.  Fortunately, during most experiments the 
measured final volume change came close to  the expected  (mean  -4-  SB  = 
97.0%  4-  5.8  of the  expected  increase)  suggesting  that  no  large  loss  had 
occurred. Also  the electron micrograph showed a  variety of different struc- 
tures within the space but nothing that would explain why the oil drop did 
not fill the lumen much more completely. One might therefore suggest that 
the peripheral layer of crayfish axoplasm is in a  gel form although the bulk is 
fluid and therefore no massive flow of solution can occur. 
However, even without bulk flow a  small diffusional loss is inevitable and 
has  also  been  demonstrated  in  preliminary  experiments  with  radioactive 
tracers. 
Lp  The  mean  value  of L~  found  in  these  experiments,  0.236  X  10 -s 
cm/sec per cm H20, is considerably higher than earlier results obtained using 
osmotic  gradients.  Villegas  and  Villegas  (1960)  found  a  value  of 0.078  in 
single axons from the squid,  Doryteuthis plei,  and they state that their results 
are comparable to those of Nevis (1958). However, in both these investigations 
intact axons were subjected to swelling and as discussed above the Lp values 
may have become somewhat low.  On the other hand,  Vargas  (1968)  found 
values  between  0.045-0.048  in  the  Chilean  squid  using  a  quite  different 
method.  It  is  possible  that  species differences exist  between various  nerves 
although the discrepancy seems rather large to be explained on that basis. 
As the ionic conductance increases considerably during the action potential 
one would possibly expect the permeability to water to increase at the same 
time. The  present experiments give no indication that  this  is  the case since 
the L~ values determined in resting and  stimulated  axons were similar.  Un- 
fortunately, the stimulation frequency had to be rather low and therefore the 
experiments are not fully conclusive on this point.  With  an action potential 
duration of roughly 1 msec, only 2-3% of the total permeability increase would 
be detected by the present method. This means that with the scatter obtained 
(see Table III)  a  permeability increase to water during the action potential 
would be somewhat safely determined  (P  =  0.05)  only if the increase were 
about  17 times or larger. Thus the resolution of the stimulation experiments is 
rather poor. However, it may be concluded that even if there is some perme- 
ability increase it does not in any way parallel the ion conductance increase 
which is roughly 100-300  times (Tasaki,  1959,  p.  93). This is perhaps not so 
surprising when it is remembered that the density of active channels in  the 
membrane probably is very low. Moore, Narahashi, and Shaw (1967) suggest B. GLrNNAR  WALLIN  Water Permeability  in Crayfish Axon  477 
on  the basis  of tetrodotoxin experiments that  there are at most  13  sodium 
channels/#  2 in lobster axons. As ion permeabilities are low in the resting state 
the opening up  of  13  channels/#  2 during activity will  cause a  considerable 
conductance increase.  In the ease of water, however, resting permeability is 
high and therefore the few active channels will be of little importance. 
The low calcium experiments also demonstrate that water permeability re- 
mains virtually unchanged although ion conductance is known to  increase. 
Cole  (1949)  found the membrane resistance of squid axons to be almost pro- 
portional  to  the  external  calcium  concentration  and  Frankenhaeuser  and 
Hodgkin (1957)  got somewhat similar results.  In the present experiments the 
external calcium concentration was reduced more than five times without any 
significant change in water permeability. With the standard errors shown in 
Tables III and IV an increase in permeability of 0.5 times would have been 
determined at the P  =  0.05 level. 
The results obtained here are qualitatively similar to findings on artificial 
lipid membranes. Cass and Finkelstein (1967)  found an Lp of approximately 
0.07  X  10  -s cm/sec per cm H~O; i.e., a value of the same order of magnitude 
as those reported for nerves. The addition of a  protein that lowered the elec- 
trical resistance  500-1000  times had  no effect on water permeability  (Cass 
and Finkelstein,  1967) and it was only when the electrical resistance dropped 
by  a  factor  of  105  that  a  60-fold  increase  in  water  permeability was  seen 
(Finkelstein and Cass,  1968). 
In TeoreU's excitability model (Teorell,  1959,  1962) changes of hydrostatic 
pressure and water flow are essential factors. The present experiments have 
not demonstrated (within their limits of resolution)  any correlation  between 
ion conductance and water  permeability.  The  axons  conducted  apparently 
normal action potentials when they were open  in  one  end  and  the  internal 
hydrostatic pressure must have been close to zero. The action potentials also 
seemed to remain unchanged when a  large transmembrane water flow was 
created osmotically.  Similarly Frankenhaeuser and  Moore  (1963)  found al- 
most no change of membrane currents in frog nerve during exposure to high 
osmotic forces. 
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